A revision of the current state-of-the-art adaptive optics technology for visual sciences is provided. The human eye, as an optical system able to generate images onto the retina, exhibits optical aberrations. Those are continuously changing with time, and they are different for every subject. Adaptive optics is the technology permitting the manipulation of the aberrations, and eventually their correction. Across the different applications of adaptive optics, the current paper focuses on visual simulation. These systems are capable of manipulating the ocular aberrations and simultaneous visual testing though the modified aberrations on real eyes. Some applications of the visual simulators presented in this work are the study of the neural adaptation to the aberrations, the influence of aberrations on accommodation, and the recent development of binocular adaptive optics visual simulators allowing the study of stereopsis.
The Eye and Its Aberrations
Vision is a fascinating puzzle involving different aspects. In a first stage, light emitted or reflected by external objects reaches the eye. The image of the object is projected onto the observer's retina by the optics of the eye. The information contained in the image is to be processed and transmitted from the retina to the brain by neural cells. The brain is finally in charge of the psychological interpretation of the scene for a useful perception of our surrounding reality. Each part of the complete process of vision is complex enough for requiring a separate analysis. The first part of vision pertains solely the optical aspects of formation of the images, and it is usually termed the optical or first stage. In this work, several aspects related to the optical stage will be shown, in particular, the connection of vision and the optical quality of the eye, and how adaptive optics has dramatically changed our methods and approaches for the study and understanding of vision.
It seems appropriate starting with a description from an optical point of view of the eye. The eye is a complex system showing a tremendous histological richness. However, when studying the formation of images on the retina from the real world only some parts of the eye are relevant [1] . In the following, some fundamental parts of the eye are revisited. Some of them are shown in Figure 1 .
The first element that light encounters coming from the object or scene is the cornea. The latter provides approximately two-thirds of the total optical power of the eye. Considering solely the optical properties, the cornea might be characterized by the radii of curvature of its anterior and posterior surface, thickness, and refractive index, which exhibits an average value of 1.38 in the normal eye. After the cornea, the light finds the anterior chamber. This is a space filled with the aqueous humor, essentially compounded by water, showing a thickness of 3.05 mm and a refractive index of 1.34. The next relevant element for the light in its travel to the retina is the iris. This is a circular muscle which defines the eye pupil, where the light beam is limited through. The iris diameter can change because of a number of factors. Across others, the most relevant changes occur in response to illumination variations in the scene and changes in the distance to the fixation point. After the iris, the posterior chamber is found. This is defined as the space filled with aqueous humor and limited by the crystalline lens, which acts as its posterior limit. The crystalline lens is beyond doubt one of the most fascinating and complex optical elements of the eye. It provides to the eye, together with the cornea, the rest of the necessary optical power for correctly focusing images on the retina. It is compounded by a large number of concentric layers, of different thickness and cellular age. This particular structure grants the lens with a complex distribution of refractive index along its optical axis, sometimes compared with a GRIN, or gradient index, lens. Its external shape resembles a biconvex lens, slightly more curved at the posterior outer surface, showing a total average thickness of 4 mm. For the study of the eye from an optical point of view, a first useful approximation for modeling the lens is taking a single effective refractive index of 1.42. The crystalline lens is enclosed by a thin membrane endowed with elastic properties, mostly compounded by type IV collagen, known as the capsule. The stiffness of the capsule is larger in the young eye, determining the external shape of the crystalline lens. The capsule is suspended equatorially by means of a delicate network of elastic fibers known as the zonula. The most external parts of the fibers are inserted into the ciliary muscle by the ciliary processes. The ciliary muscle is in direct contact with the sclerotica, which is the most outer part of the eye. As it will be shown later in this work with more details, all these elements described previously are interconnected and they are of relevance for the understanding of the accommodation, a fundamental capability of the eye.
The vitreous humor is located right after the crystalline lens. It shows a gel-like texture with a refractive index similar to that of the aqueous humor. Its role is mostly keeping the rest of elements fixed at the right position in the eye and protecting the retina. The retina is formed by a multitude of cells of different kinds, exhibiting a highly organized structure of different layers grouping similar cells. It is responsible for the phototransduction of the optical image into chemical and physical signals which are sent and impulses which are sent to the brain by means of specialized neural cells. In the brain these signals are decoded by a delicate mesh of neurons for the final subjective psychological perception of vision. The zone of the retina where the images are projected for accurate vision is called the fovea. The latter corresponds with the retinal area most populated of photoreceptors. The photoreceptors are the cells responsible for the detection of light.
In the study of the optical aspects and formation of images in the eye, the use of some axes is convenient. The optical axis of the eye is defined as the imaginary line containing the centers of curvature of the different surfaces of the elements compounding the eye. In the human eyes the optical axis does not intersect the fovea [2, 3] . That is the main reason for introducing the visual axis or line of sight. This axis is defined as the imaginary line connecting the fixation point, where the eye is looking at, and the fovea. The angle between the two axes is commonly named as alpha angle, although some alternative definitions can be found in the literature.
In the previous description, all elements of the eye are modeled by ideal surfaces of given radii of curvature and known refractive indexes. This kind of modeling is extremely useful for the understanding of several aspects of image formation. This description of the eye can provide a simple explanation of the generation of blurred retinal images in the presence of refractive errors, approximate image size, and so forth. From this model one could infer that optical images generated on the retina are somehow comparable to those produced by a regular optical instrument, in terms of quality. The reality is nevertheless more complicated [4] [5] [6] . In the real eye, none of the surface can be generally described by a simple radius of curvature, not even by a conic surface [7] . The surfaces exhibit deviations from ideal surfaces inherent to any biological tissue. The different surfaces separating media of distinct refractive indexes are not aligned neither their hypothetical centers of curvature lay on a common axis. That makes the different surfaces appear as misaligned to each other in the eye. In addition, the optics of the eye does not remain steady, but on the contrary it presents continuous fluctuations in time [8] [9] [10] [11] . Those come mainly from the changes in the crystalline lens induced by the physiological tension of the ciliary muscle. The tear film, the intraocular pressure, the changes, and movement associated with the ocular humors are other factors preventing a steady situation in the eye. All these circumstances result in that the retinal images finally formed on the observers' retina were far from perfect images. Retinal images are affected and degraded by ocular aberrations [4, 5, [12] [13] [14] [15] [16] [17] [18] . Those are the deviation of the wavefront of the incoming light from a paraxial situation, where all light rays would converge in a single point on the retina. Therefore, the interest in measuring and characterizing the effect of aberrations and their dynamics on vision is fundamental [12] . In the last years, many efforts have been devoted to understand to what extent these aberrations can affect the perception in vision. In addition, correcting those aberrations would permit to achieve unprecedented resolution in the retinal images recorded in the living eye, with promising applications in the diagnosis and treatment of several retinal conditions. In this scenario, adaptive optics (AO) is playing a major role as it will be shown in the following. 
Adaptive Optics
A first simple definition for adaptive optics could be the optical technique allowing the measurement and subsequent correction of optical aberrations. In spite of the simplicity of the previous definition, the two fundamental concepts sustaining AO are clearly present. A first key point is the measurement of aberrations, that must be performed is a robust manner [8] [9] [10] , and faster than the typical temporal variation which in intended to be later corrected. The other evident pillar of AO is the correction of aberrations. The AO system must allow for the controlled manipulation of the wavefront, once it has been estimated. The AO aberration correction concept inherently includes the measurement of the effect of the correction over the wavefront so that closed loop control of aberration can be eventually performed. There is an alternative concept generally known as active optics which performs the correction after the measurement of the aberrations, with no possibility of closed loop operation. Consequently, in active optics there is no means of measuring the effect of the correction over the wavefront. Figure 2 shows schematically a diagram of active and adaptive optics.
The first proposal of the use of AO technology for civil purposes was suggested in the context of astronomical optics in the year 1953 [19] , around thirty years earlier of the experimental demonstration of the technique. Irrespectively of the optical quality and the aperture of the telescopes, light passing through the atmosphere is seriously degraded by effect of the changing temperature, gradients of pressure, winds, and in general any disturbance able to locally alter the refractive index of the medium. Therefore, the images recorded at the ground level are systematical affected and degraded by all these factors. AO was presented as the technology providing the solution to the atmospheric turbulence problem over the astronomical images recorded in the ground-based telescopes. Nowadays, every professional telescope in the world is endowed with AO for the atmospheric aberration correction. The field of astronomical optics was the only one benefiting from AO during a couple of decades, approximately from the eighties to nineties. Probably the elevated cost of the AO systems prevented other fields from exploring the possibilities of AO. It could even be said with some humor that it was especially true in the many other fields unfortunately not enjoying of astronomical funds. In the context of vision sciences, it was not until 1989 [20] when some of the concepts from AO were somehow applied in the eye. In that work, the use of a deformable mirror for the static compensation of the ocular aberrations was reported. The final target of the correction was the improvement of the resolution achieved on the retinal images obtained with a scanning laser ophthalmoscope. The correction of aberrations was restricted to the existing astigmatism.
The progress and evolution of AO in the eye was firstly sustained on the development of reliable methods for measuring the ocular aberrations. Among the many different techniques for subjectively estimating the ocular aberrations, the Hartmann-Shack (H-S) wavefront sensor has been the most widely employed method in the context of vision. That technique was imported from astronomical optics as well. The first proposal of such technique for the study of the eye was reported in 1991 [21] . In that work, the H-S wavefront sensor was proposed for estimating the topography of the living cornea. The experimental demonstration of such technique in the eye, measuring the total aberrations, was definitively published in 1994 [22] . Other works have contributed for notably improving the efficiency of the algorithms [23] , improving the technique to the level that it has achieved today. IR range is the preferred illumination for measuring the aberrations in the eye [24] [25] [26] [27] . The use of the H-S wavefront sensor allowed for measuring highorder aberrations, consequently opening the door to their subsequent correction [24, 28] . It was in 1994 when the first demonstration of high-order static aberration correction was published [29] . Some years later, in 2001, the first closedloop aberration corrections in real time performed in the living eye were finally reported [11, 30] . In the work of Liang, static ocular aberration correction was accomplished by means of a deformable mirror, for the first time beyond defocus and astigmatism. Two applications of AO in the eye were surveyed: vision through a virtually perfect optics and retinal imaging of high resolution. These uses of the AO have been widely explored by the scientific community in the last years. Regarding the field of retinal imaging, a number of important results arouse from the application of AO to the different imaging techniques. Almost every technique has been merged with AO in the last decade, providing new insights into the existing knowledge of the retinal structure in vivo. Flood illumination fundus cameras were the first benefiting from the utilization of AO, permitting the in vivo recording of the photoreceptors mosaic, even allowing the classification of the three types of them [31] . AO combined with modern laser scanning ophthalmoscopes is providing a unique tool for studying the intimate morphology of the living retina [32] , also unveiling interesting aspects of vision. Last technique benefiting from AO was optical coherence tomography (OCT) [26, [33] [34] [35] . OCT combines high axial resolution and fast scanning rates. AO has allowed to study the true three-dimensional architecture of the living retina with important applications in the understanding of many retinal conditions [25, 27, [36] [37] [38] [39] [40] ].
Adaptive Optics and Visual Simulation
The use of AO for providing a virtually perfect vision was the other evident application of the technique [29] . Correcting the ocular aberrations should allow vision for reaching its physiological and perceptual limits. The experiments showed an increase in the visual performance in absence of aberrations. Nevertheless, correcting high-order aberrations in the normal young eye produces a limited impact in vision. Some works have studied the distribution of aberrations beyond defocus and astigmatism [14, 18] . It is in the pathologic eye, for instance, those affected by corneal conditions as keratoconus, where AO correction of high order aberrations can really produce a significant benefit in vision. Now it is accepted that high-order aberrations are of a modest importance in the total picture when normal young eyes are considered. In addition, an AO system uses of a number of elements as the corrector, the wavefront sensor, and so forth which prevent with the current state-of-the-art a system compact enough to be coupled directly to the patient's eye.
AO can operate not only for correcting aberrations but in general for manipulating the wavefront. Aberrations can be partially corrected, selecting which particular terms are modified, and which are left as they appear in the eye for instance. This possibility opens a rich number of experiments for the better understanding of the relationship among optical quality and vision. It was in 2002 when this paradigm was experimentally demonstrated in the eye for the study of vision [41, 42] . In the work of Fernández et al., [41] , the AO system was coupled to an additional optical relay for the display of stimuli. Visual testing was enabled simultaneously for the operation of the AO system. The apparatus was presented as a visual simulator. Different wavefronts could be generated and vision through the modified optics tested in parallel. Figure 3 presents a picture of the first visual simulator system. The complete setup was mounted over an optical table of 1 m 2 . A membrane deformable mirror with 37 independent actuators acted as the correcting device (OKO-Flexible Optical, The Netherlands). Due to the limited amplitude of deformation of the mirror, large amounts of aberrations could not be programmed [43] . In practice, for normal eyes most of the weight of the aberrations is distributed across defocus and astigmatism. Defocus was controlled by a motorized Thorner optometer of high precision, and astigmatism was eventually compensated by introducing trial lens if required. Once static correction of these large aberrations was further investigated, the deformable mirror was able for the real-time compensation of their temporal fluctuations. An external monitor was coupled to the system for the presentation of visual stimuli.
In the first experiment of visual simulation with adaptive optics, a subject with a remarkable coma aberration, in addition of defocus, was asked to complete visual acuity tests while some aberrations were manipulated. Three different situations were explored for understanding the role of aberrations in vision. The coma aberration presented a given axis, causing a marked directionality in the subject's point spread function. In the eye, the existence of such aberration caused an asymmetric blur in the retinal images which should degrade visual performance accordingly. Some amounts of controlled coma aberration were added to the natural aberrations of the subject. was obtained under three cases in the study: vision with natural aberrations; coma aberration added in the same axis than the existing in the subject's eye; the case of 90 deg rotation of the coma aberration, keeping approximately the same modulus than in natural case. The analysis of the MTF revealed that from a purely optical perspective, the quality of the natural and the rotated case were similar; so acuity test obtained from the average of different orientations should not exhibit substantial differences. In the situation of addition of coma aberration, the area of the MTF presented a significant decrease at every frequency, so the poorest acuity was expected in this case. The results were somehow surprising, since adding the same amount of coma aberration to the eye at distinct directions, once corrected of low-order aberrations, caused significant differences in the visual perception of acuity tests. Adding coma aberration in the same direction that the one already present in the eye degraded vision less than the same value at any other direction. This result suggested that vision is coupled to the optical quality of the eye in an unexpected manner. The larger tolerance of vision when retinal images are degraded in a particular direction might be due to a kind of adaptation of the visual system to its own aberrations. Figure 4 shows graphically these findings. The average visual acuity with the standard deviation from the measurements is plotted with the corresponding generated aberrations. Their associated PSFs and the measured RMS of the wavefront are also displayed in Figure 4 . This hypothesis of adaptation to the aberrations was investigated in a different experiment, where the vision of a larger number of subjects was tested with manipulated wavefronts [44] . In such work, the perception of blur was evaluated by using a random pattern showing irregular black spots on a bright background. Monochromatic illumination at 543 nm was used in order to avoid the possible effects of chromatic aberrations. The ocular aberrations of each subject were recorded. Using the retrieved wavefront, an algorithm generated the appropriate shape for the deformable mirror so that the combination of ocular and mirror wavefronts produced a rotated version of the original ocular aberration. The procedure was performed in closed loop, at real time. This operation guaranteed that the subject was continuously viewing the test through the modified aberration pattern. It must be stressed out that the experiment forced the optical quality of the retinal images projected on the observer to be exactly the same, but for orientation. A two-alternatives forced choice test was programmed. Images through the natural aberrations of the eye were displayed together with the same through the modified version of the aberrations. Subjects were asked for changing the level of perceived blur in the manipulated version of the images until equalization of blur with natural viewing was achieved. For accomplishing the task, the subjects multiplied the rotated version of the wavefront by a factor which globally reduced the level of aberrations, simultaneously in all terms. The results were a systematic perception of larger blur when viewing through a rotated version of the own subjects' aberrations. Since the optical quality of the retinal images was similar in all cases, the different perception of blur had to be produced by neural factors. The proposed explanation to this novel effect was a new kind of adaptation to the own individual aberration pattern. Essentially, the brain could be used to extract information from images degraded in a constant manner, imposed by the subject's ocular aberrations. Any change away from this natural shape degrades perception, even if the optical quality levels are similar. The experiment was interesting since it opened the door to a novel perspective for understanding vision. Many other experiments using AO since then have explored a number of open questions related to adaptation of vision to the ocular aberrations [45] [46] [47] [48] [49] [50] .
The effects of neural adaptation might become more evident in those eyes suffering of larger monochromatic aberrations. A typical example of highly aberrated optics can be found in those patients with keratoconus. This is a relatively well-studied condition producing a severe deformation of the anterior and posterior surfaces of the cornea. As it has been mentioned before, the effects on the retinal images are usually very strong, degrading the vision of the patients up to dramatic limits. Some other works have used adaptive optics in the context of keratoconic eyes, trying to better understand the capability of the eye for adapting to these large aberrations [51] [52] [53] .
An intriguing question partially arousing from these experiments of adaptation is the possible effect of the aberrations on accommodation. Aberrations change when the eye accommodates, beyond defocus and astigmatism. Therefore, correcting or altering the aberrations with AO for far vision could eventually degrade somehow accommodation or near vision, since the aberrations pattern in the eye might be significantly distinct from the natural shape. Many questions are to be answered. These particular points will be treated in the following.
Adaptive Optics and Accommodation
Accommodation is possibly one of the most studied functions of the visual system. This feature allows the eye to increase its optical power so that near objects can be correctly focused onto the observer's retina. The augment in power is exclusively caused by the crystalline lens. The intimate mechanism of accommodation involves several components. A simplified picture of the accommodation is presented in the following. The blurred retinal image produced by a near object originated, through a number of neural channels, the contraction of the ciliary muscle. The contraction of the muscle reduces the space around the crystalline lens in the equatorial plane. The first consequence is the reduction of the tension in the zonula. The capsule containing the crystalline lens and the lens itself are then able to compress towards their relaxed state. The anterior and posterior surfaces of the crystalline lens experience an increase in their curvature. The total thickness of the lens also enlarges. All these geometrical changes in the crystalline lens produce the global effect of increasing its power. Several aspects concerning the mechanism of accommodation are still unveiled. An intriguing question is how the visual system is able to change the power of the eye in the correct direction. In a situation where the eye is focusing a target situated at middle distance, a change of the stimulus or a variation on its position will immediately produce a blurred image onto the retina [54] . Defocus alone does not provide any cue about the direction of change, since the degradation of the image is symmetrical around the initial image plane [55] . The visual system is, however, known to produce the accommodation in the right direction in most of the situations [56] . In this context, the existing chromatic aberration of the eye has been proposed and demonstrated as a source of asymmetry in the retinal images providing, at least in part, information about the factual direction for accommodation [57] [58] [59] [60] . Other optical cues have been proposed, for instance, the microfluctuations in accommodation [61] . More recently the ocular aberrations have been also proposed as a possible source of asymmetry in the defocused retinal images which eventually could provide an additional cue for determining the direction of accommodation [62] . Adaptive optics was applied for studying accommodation, and the possible role of monochromatic aberrations in the visual response to defocused stimuli [34] . The experiment consisted in the correction of monochromatic aberrations during accommodation induced by an abrupt change of 1.5 D in the vergence of the stimulus. The variation in the perceived position of the stimulus was generated by using a motorized Badal optometer. Two subjects with normal accommodation capability and normal values for their ocular aberrations participated in the experiment. The procedure was performed under monocular vision and with monochromatic illumination. These two factors are related with known optical cues for accommodation. The experiment isolated all other optical cues but high-order monochromatic aberrations. Defocus was uncorrected for allowing the subjects to freely change its value. Several parameters related to the accommodation response were obtained with and without adaptive optics aberration correction. The final level of achieved accommodation was measured under the two conditions. No significant variation of this particular parameter was detected, meaning that the precision of the accommodation was independent of the existing ocular aberrations. This was a somehow surprising result, since it showed that the quality of the retinal images, when they are distorted by normal levels of monochromatic aberrations, is not a key factor in the eye for finding the best focused retinal image. Another parameter of the accommodation studied in the experiment was the latency time of the visual response. The latency can be understood as the time gap between the blurring of the stimulus and the instant when the eye begins the accommodation. This latency was also found to remain independent of the correction of monochromatic aberrations. The other temporal factor involved in the dynamic of the accommodation and retrieved in the experiment was the response time. This parameter was defined as the time that the accommodation is changing from the initial value to the final level achieved. For this variable, a significant increment in its absolute value when correcting the monochromatic aberrations was measured. It indicated that the compensation of the aberrations degraded this particular parameter, causing an increment in the required time to achieve the final level of accommodation for focusing the stimulus. That was an unexpected result, since it showed for the first time an important function of the visual system as the accommodation suffering a deterioration directly produced by the correction of the monochromatic aberrations. A possible conclusion of that work is that natural aberrations play a role in some visual functions, as the accommodation, and their correction might not be reasonable in all cases. Others works have studied the possible relationship between accommodation and monochromatic aberrations. Some experiments have reported the lack of effect of correcting aberrations in some subjects [63] [64] [65] , while other have shown a clear benefit in the dynamic of the accommodation associated to the aberrations compensation [66] .
Possibly for some subjects monochromatic aberrations are a useful cue in accommodation, and consequently they employ the asymmetry in the retinal images for enhancing the dynamics. It is reasonable then that those subject experience a degradation in their accommodation when aberrations are compensated. On the other hand, other subjects might not use such information, and consequently the correction of retinal images through the aberration compensation enhances some of their accommodation parameters because of a better retinal image. Depending on the level of aberrations, it might be also reasonable that for some subjects the correction of monochromatic aberrations was irrelevant for the accommodation function. In any case, the question remains unsolved and possible future experiments will provide additional information about the connection between accommodation and monochromatic aberration. 
Binocular AO
Normal vision is not monocular vision. At the beginnings of the development of AO in the eye, all the experiments were devised under monocular vision. Binocular vision provides a number of advantages for our perception that cannot be neglected [67] , for instance, the capability for perceiving depth in the natural scenes. Because of the necessity for objectively measuring binocular refraction, some optometers capable of simultaneous defocus estimation of the two pupils were developed in the recent past [68] [69] [70] [71] . They were the antecedent systems to the first binocular wavefront sensors. In 2008, Kobayashi et al. reported a system endowed with two Hartmann-Shack wavefront sensors specifically designed for binocular estimation of the aberrations from the two eyes [72] . The system operated in open view. With this apparatus, the subjects could undergo visual testing while the measurement of their ocular aberrations was taking place. This first approach of replicating the sensor brought about the duplication of the cost of the system, together with an increase in the complexity of the control of the setup. In the same year, another alternative to this first solution for the binocular objective estimation of the ocular aberrations was presented in the work of Hampson et al. [73] . In this other approach, a design allowing the estimation of the aberrations from both eyes employing a single sensor was reported. Using a Hartmann-Shack-based apparatus, the light emerging from each pupil was redirected into the system, keeping along the optical relays the two beams spatially resolved. The two eyes exit pupils were projected on the surface of the wavefront sensor, so that the camera could obtain in a single frame the spots from both pupils. Appropriate postprocessing allowed the retrieval of the ocular aberrations from both eyes. The advantages of such apparatus were evident in terms of cost and complexity. It was not until 2009 that the first binocular adaptive optics system was reported and successfully applied on real eyes [74] . The most remarkable feature of this system, specifically designed for operating under binocular vision, was the employment of a single correcting device in combination with a single wavefront sensor. The latter operated a similar approach of that reported by Hampson [73] , separating the two pupils on the surface of the detector. The correcting device [74, 75] followed an analogous principle for managing the two pupils. Those were simultaneously projected on its surface, still spatially resolved, and independently driven from the computer. The fundamental issue arising from this configuration was procuring enough resolution on the corrector for manipulating aberrations, including high-order aberrations, from both pupils with sufficient accuracy. In order to solve this obstacle, a liquid crystalbased correcting device was incorporated in the system. This kind of correctors was a basic pillar for the understanding of the current state-of-the-art of binocular adaptive optics visual simulation. Figure 5 shows a diagram of a binocular AO visual simulator. Their most important and attractive characteristic was possibly the enormous resolution that they exhibited, particularly as compared with deformable mirrors. In the first binocular visual simulator, a commercial spatial light modulator (LCOS-SLM X10468-04, Hamamatsu Photonics, Japan) with SVGA resolution was incorporated. The total number of pixels was 800 × 600, selecting approximately 58000 pixels for each pupil. The device allowed keeping a reasonable number of pixels dedicated for the control of the aberrations from each eye. The experimental system incorporated an optical relay for displaying binocular stimuli. The capability of the apparatus was demonstrated by testing the impact of different combinations of spherical aberration on vision. For such purpose, the contrast sensitivity of a subject at 7.8 c/deg in green light was obtained for different conditions. The contrast sensitivity was obtained by using a two-alternative forced choice test, showing a panel with the target grating and different contrast and other with homogenous background. The subject answered which one was displaying the grating. The time for displaying the stimuli was 500 ms. The grating subtended 1 deg, assuring isoplanatic conditions at the retina. The contrast of the grating was set randomly. A psychometric curve was obtained for inferring the value of the contrast sensitivity. That was estimated as the detection threshold at 75% of confidence. The experiment was repeated under monocular and binocular conditions to discern the influence of binocular summation. The value of spherical aberration was ±0.2 µm for a pupil of diameter 4 mm. The experiment accomplished in this work was presented as a demonstration of the potential of the technique. A single subject underwent contrast sensitivity testing. Therefore, extrapolation to general conclusions should be taken with care. Still, some interesting results were obtained. Those are grouped in Figure 6 .
The plot shows the contrast sensitivity obtained for different combinations of spherical aberration. The signs + and -indicate the value of the spherical aberration added on the eyes. The position of the value in the brackets represents which eye was affected for each value, being the first and second values for the left and the right eye, respectively. The subject reported his dominant eye to be the left one. Systematically, keeping the dominant eye with the natural aberrations caused a better visual acuity. That was particularly evident when the results were compared with those corresponding to the reversal cases,
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where spherical aberration was added to the nondominant eye. Another interesting result was that the degradation of visual acuity was more dramatic when positive spherical aberration was added to the dominant eye, in absolute values. This particular eye exhibited a larger tolerance to negative spherical aberration.
Among the different advantages that binocular vision provides over our visual perception, stereopsis is one of the most evident features. Stereopsis is intimately connected with the perception of depth [76] [77] [78] [79] . The sensation of depth can be also generated from a number of monocular cues. The previous knowledge of the size of an object can produce the estimation of its relative distance regarding other parts of the scene, therefore creating the psychological experience of depth. Other classical monocular cues are the motion parallax, the perspective, texture gradient, accommodation, defocus blur, and so forth. Stereopsis is often defined as the capability for perceiving the depth in a scene originated exclusively for the distinct position of the images on each retina, or more commonly referred to as retinal disparity. This kind of retinal parallax, produced by the relatively shifted perspective of the object each eye has been widely studied in the context of visual perception.
Stereopsis involves a delicate neural processing in addition to the purely optical or geometrical stage. Actually, stereopsis has traditionally been studied in the context of psychology of the perception. Some recent attempts for introducing the possible impact of the ocular optical quality over stereopsis have been reported [80, 81] . In this direction, the possible influence on stereopsis due to the changes in the ocular aberrations has been considered [82] . Such changes can be found as a consequence of refractive surgery. Adaptive optics provides the ideal tool for characterizing the actual impact of aberrations on stereopsis. Not only low-order aberrations, as defocus and astigmatism can be tested, but in general any required aberration. In the work of Fernandez et al. [83] , the stereopsis was evaluated degrading the wavefront with different aberrations by using a binocular adaptive optics visual simulator. The system incorporated two different internal displays for projecting distinct retinal images over each retina. This permitted the generation of retinal disparity, indistinguishable from an optical perspective to that created with a real scene in front of the subject. The stereopsis was tested through the measurement of the stereoacuity. Stereoacuity provides a numerical estimate of the capability of the subject for detecting changes in depth associated exclusively to retinal disparity. Actually, stereoacuity is the minimum retinal disparity, given as the subtended angle, causing the perception of depth. Using separate displays for each eye guaranteed that no other monocular cue was involved in the experiment. Random dot stereograms were used for obtaining stereoacuity. Random dot stereograms are a useful tool for understanding pure stereopsis, particularly global stereopsis. They were introduced by Julesz in the 70s [84] and since then these have been widely employed for binocular vision research. In the aforementioned work, pure defocus was first added under different conditions. Selecting a pupil diameter of 4 mm, stereoacuity was retrieved for natural vision with low-order refractive correction (including defocus and astigmatism), addition of 1 D of defocus in both eyes and 1 D of defocus in one of the eyes. The results showed a progressive loss of stereoacuity in the different conditions previously presented, in the same order that they have been mentioned. In particular, for one of the subjects the values of stereoacuity were 4, 6, and 8 sec, respectively. The worst case regarding the value of stereoacuity was reported when asymmetric induction of defocus, rather than in the bilateral case. This result confirmed previous studies about the relative impact of blur, caused by defocus or in general low-order aberrations, on stereopsis. There is a large number of works which have considered other factors as the loss of contrast or luminance of the stimuli and their effect on stereopsis. Most of them could be considered from a wide perspective as different outcomes of defocus [85] [86] [87] [88] [89] [90] [91] [92] . It is relatively well established that monocular degradation of the retinal images, through defocus, contrast, or luminance, decreases stereopsis more than the corresponding bilateral degradation. The work of Fernández et al. [83] introduced for the first time in the literature the evaluation of the impact on stereopsis of a high-order aberration generated by adaptive optics. The trefoil aberration was selected and applied both binocular and monocular while simultaneous measurement of the stereoacuity was performed. The obtained trend followed that typically occurring for defocus. The addition of trefoil in a single eye produced a larger degradation on stereopsis than the bilateral case. The obtained values of stereoacuity were 4, 13, and 18 sec for natural vision (with no additional aberrations), unilateral and bilateral addition of pure trefoil, respectively. An evolution of this experimental setup was reported by Schwarz [93] . The new apparatus incorporated an additional liquid crystal operating in transmission for the manipulation of the pupils. This other liquid crystal acted as an amplitude modulation device, manipulating pupils' size and their relative position during the measurements, still keeping the capability for phase modulation with the other correcting device.
Conclusions
In this paper, different results and applications of adaptive optics have been covered. In particular, special attention has been paid to visual simulation. There are some other related topics which have not been presented. In this context, possibly one of the most promising fields is the employment of adaptive optics for the design of new ophthalmic elements [94, 95] . This is one of the applications that have benefitted more from adaptive optics visual simulation in the last years. Due to its extension and complexity, this topic has not been tackled in the current paper, but it is definitely an important application which has already changed some paradigms in optical design. The technique permits for the first time the virtual implementation of the designed optics on real eyes before manufacturing. Adaptive optics can reproduce the wavefront, and a visual simulator apparatus can allow patients to see through the optics, eventually testing the expected visual benefit. Moreover, for customized solutions incorporating the compensation of individual ocular aberrations by visual simulators provides not only the platform for measuring these aberrations but the station capable of testing the effects, again prior to the practical piecing of the optics. That new procedure significantly reduces cost and provides a faster method for optimizing the final element to be coupled to the eye. As an example, it has been successfully demonstrated for intraocular lenses, contact lenses and for studying the effect of spherical aberrations for extending the depth of field [96] [97] [98] [99] [100] [101] .
From a more basic science perspective, another interesting topic where adaptive optics visual simulators and related systems are helping to answer many fundamental questions is the true impact of aberrations on vision. Once ocular aberrations have been correctly measured, the question arising is their influence on vision. Many works have reported progress in this field from the early beginning of the adaptive optics in vision [29, 49, [102] [103] [104] [105] [106] [107] [108] [109] [110] [111] [112] [113] [114] [115] [116] [117] [118] [119] [120] .
There are other exciting applications of adaptive optics not covered in the current work. High-resolution retinal imaging is unveiling the intimate structure and function of the retina. Some experiments are connecting the retinal structure and the visual function, answering some basic questions about how we see the world [48, [121] [122] [123] [124] [125] [126] [127] [128] [129] [130] .
Adaptive optics in visual sciences is in constant evolution. In this paper, several success and applications of the technology have been presented, but probably many others are to come in the near future. Other interesting reviews on adaptive optics have been published, where the interested reader will find a distinct focus and very useful information about the technique with additional valuable references [131, 132] . Adaptive optics has dramatically changed our knowledge about the eye and vision. A natural step would be the incorporation of such modality in the clinical practice, so that patients and clinicians can benefit from that. The state-of-the-art adaptive optics is now mature enough to be incorporated into a rich variety of instruments. The future will probably show a progressive merging of adaptive optics into the most widely used ophthalmoscopes for increasing their resolution up to cellular level. The visual simulators are already in the market for advanced refraction, and they have the potential for becoming the reference phoropters.
